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Abstract. Avinit duplex technologies have been developed, combining Avinit N plasma nitriding of finished high-precision parts with subsequent 
application of Avinit superhard antifriction coatings in a single technological process 

Due to the absence of a brittle layer on the nitrided surface after precision nitriding, the preservation of the original geometric dimensions that do not 
require further mechanical refinement, and the compatibility of the processes of plasma precision nitriding of Avinit N and the vacuum plasma depo- 
sition of functional coatings Avinit C, duplex technologies allow the deposition of strong adhered, high-quality coatings. 

The effect of the duplex process on the dimensions of parts during plasma nitriding of high-precision gears and the application of Avinit C functional 
coatings was investigated, the properties of the nitrided layer and the parameters of Avinit coatings were studied. 

Plasma precision technology Avinit N allows nitriding of finished parts without changing dimensions, including gears of 4 degrees of accuracy. Avinit 
N nitriding time is 2 ... 4 times less than with gas nitriding. 

The coating of Avinit C310 parts increases the microhardness of the surfaces of the parts and reduces the coefficient of friction, while it has sufficient 
adhesion to the working surfaces of the gear teeth and bearing raceways. 

Manufacturing of high-precision gears with accuracy grade 4 using Avinit duplex technologies was carried out. 

Analysis of the results shows that, within the measurement accuracy, no changes in the profiles of the teeth, their location on the ring gear, as well as 
the location of the gear ring relative to the measuring bases are observed. 

Plasma nitriding makes it possible to reduce the nitriding time by more than two times compared to gas nitriding, while the thickness of the layer of 
the brittle phase with the maximum surface hardness is ensured within the specified values to ensure the necessary indicators of contact and bending 
long-term strength in the manufacture of gears according to the degree of accuracy 4 without grinding after nitriding. 

Measurements of the ring gear after nitriding and coating showed that there were no changes in the geometry of the gear processed by duplex tech- 
nology. Avinit C310 anti-friction coating 1.5 microns thick does not distort the geometry of the tooth profiles. All parameters of the ring gear manu- 
factured using the Avinit duplex technology correspond to accuracy grade 4 in accordance with the requirements of technical documentation. 

The gears manufactured using the Avinit duplex technology were tested as part of the AI-450M engine reducer at the Ivchenko-Progress hydraulic 
brake stand according to the program of equivalent cyclic tests. A pair of experimental gears were installed in the engine reducer instead of the serial 
wheels of the second stage of the reducer. The total test time of the wheels was 26 hours. After testing, no damage to the gear, including the Avinit 
coating, was found. Antifriction coating Avinit C310 with a thickness of 1.5 microns does not distort the geometry of the tooth profiles during testing 
as part of the AI-450M engine reducer. Measurement of the parameters of the teeth showed a complete absence of wear. 


Keywords: development of Avinit duplex technologies, properties of the nitrided layer, coating Avinit characteristics, bench tests of high-precision 
gears manufactured using Avinit duplex technology. 


Introduction 


At creation of new materials with ultrahigh charac- 
teristics technologies of modification of surface layers of 
contacting materials and drawing functional coverings are 
more and more successfully used. 

A very important characteristic of structural materi- 
als is the long fatigue strength of the working surfaces of 
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gears and rolling bearings, which is determined by the 
properties of the materials from which they are made, in 
particular, the hardness of the material core, hardness of 
the working hardened surface, depth of the strengthened 
layer, surface roughness, coefficient of friction [1]. 

Typically, standard manufacturing technologies for 
many industrial parts designed to work in high-precision 
gears, hinges and plain bearings include pre-cementation, 
subsequent grinding and polishing of work surfaces to 
achieve the required geometric dimensions. 

Nitriding is much less commonly used as a method 
of strengthening machine parts and tools to provide func- 
tional properties. 
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The main disadvantages of traditional industrial ni- 
triding technologies (gas furnace nitriding, liquid nitrid- 
ing, etc.) are the presence of a solid brittle e-phase on the 
nitrided surface and significant distortion of parts, which 
further grinding and polishing of work surfaces signifi- 
cantly reduces the contact strength of the surface and 1n- 
creases manufacturing complexity products. 

Nevertheless, nitriding processes to increase con- 
tact endurance have significant prospects in comparison 
with traditionally used cementation processes in terms of 
increasing surface hardness, especially by eliminating 
machining after nitriding. 

At the end of the twentieth century, the level of sur- 
face hardness for cemented and nitrided parts stabilized at 
about 60 HRC, but if for the former it was actually the 
limit, for the latter it was possible to increase hardness 
and, accordingly, contact endurance by eliminating ma- 
chining after nitriding. 

Diffusion saturation of the steel surface with nitro- 
gen occurs at a temperature of about 550 °C. which en- 
sures the absence of phase transformations in steel, be- 
cause the process takes place at a temperature below the 
temperature of low tempering after quenching. This sig- 
nificantly reduces the curvature and, consequently, the 
allowance removed during grinding. 

The disadvantages of traditional industrial technol- 
ogies for strengthening the surfaces of steel parts by the 
formation of metal nitrides in the surface layer are the long 
duration of the process (2 ... 3 times longer than during 
cementation) and the small depth of the diffusion layer [2]. 

Increasing the saturation rate is achieved by ionic 
nitriding in a dilute nitrogen atomic medium of the glow 
discharge, which reduces the process time by 1.5...2 times. 

In works [3, 4] the possibility of manufacturing 
gears with a degree of accuracy from 6 to 5 without grind- 
ing after ionic nitriding is shown. 

There are no data on the use of nitriding in the 
manufacture of more loaded gears, where it is necessary 
to use accuracy degrees 5...4 [5—7]. 

In [8—10] it was shown that even greater accelera- 
tion of the process than with ionic nitriding in a glow dis- 
charge occurs during plasma nitriding. 

We have developed the process of plasma precision 
nitriding Avinit N [8-10], based on the diffusion satura- 
tion of the surface layer of steel parts with nitrogen in 
high-density (n > 10!°-10'! cm?) low-temperature very 
nonequilibrium plasma of nitrogen and argon. significant- 
ly reduces the duration of nitriding, ensures the absence of 
deformation (curvature) of the parts while maintaining the 
original geometric dimensions after nitriding with an ac- 
curacy of 1—2 um, which avoids finishing grinding of 
parts and get the operation of precision nitriding “in size”’. 

Studies [11, 12] have shown that the methods of 
plasma precision nitriding Avinit N have a high efficiency 
for the manufacture of final finished high-precision gears 
with a degree of accuracy of 5...4 without grinding after 
nitriding. 


Comparative tribotechnical tests for contact fatigue 
strength during rolling friction with sliding of surfaces 
reinforced with cementation and plasma nitriding Avinit N 
with contact loads Omax = 1000 MPa were carried out in [13]. 

The results of tests based on 1,000,000 cycles with 
contact loads Omax = 1140 MPa, typical for medium- 
loaded surfaces, showed that the integrated multi-cycle 
resistance to fatigue wear (destruction) of samples rein- 
forced with nitriding Avinit N with a layer depth of 
0.25 mm, more than 10 times higher than samples rein- 
forced by cementation with a layer depth of 1.2 mm. 

A significant increase in contact endurance pro- 
vides a reduction in the coefficient of friction of the con- 
tact surfaces. 


1. The use of plasma precision nitriding 
Avinit N for the manufacture of high-precision 
gears 


Works [11, 12] are devoted to the study of the pos- 
sibility of using plasma precision nitriding Avinit N for 
the manufacture of finally finished high-precision gears 
with a degree of accuracy 5...4 without grinding after ni- 
triding, the study of the effect of plasma nitriding on the 
size of parts in plasma nitriding gears nitrided layer, and 
the study of plasma precision nitriding Avinit N high- 
precision gears. 

In order to study the properties of plasma nitriding, 
a gear with a degree of accuracy [11] was made. 

The gear wheel is made of steel 34NiCrMoV 14-5 
with the following heat treatment before nitriding opera- 
tion: 

— quenching — 900 °C (3.5 h); 

— leave — 620 °C (6 hours); 

— vstabilizing leave after machining — 550°C 
(6 hours). 

Plasma nitriding was performed on a vacuum- 
plasma cluster Avinit [19]. 

The part was completely nitrided, and the degree of 
nitrogen saturation depended on the plasma concentration 
in a particular area of the part. 

To determine the effect of nitriding on the geomet- 
ric dimensions of the experimental part was measured 
before and after nitriding. The gear ring gear was meas- 
ured. 

The geometric dimensions of the gear ring sample 
were measured on the same control and measuring ma- 
chine “WENZEL” with a measurement error of 0.8 um 
before and after nitriding under the same conditions, on 
the same teeth. 

The measurement results are given in table 1. 

The analysis of the results shows that within the ac- 
curacy of measuring any changes in the profiles of the 
teeth, their location on the toothed crown, as well as the 
location of the toothed crown relative to the measuring 
bases is not observed. 


Mech. Adv. Technol. Vol. 5, No. 1, 2021 


81 





Table 1. Measurements of the toothed crown. 


Condition 
Name 


ally 
marking 


parameter 


It was established [12], that the plasma precision 
nitriding of Avinit N ensured the production of gears with 
a degree of accuracy of 5 without grinding after nitriding. 
Changes in the geometry after plasma high-precision ni- 
triding Avinit N is not observed, and all parameters of the 
ring gear meet the accuracy of 5 according to the re- 
quirements of the technical documentation. When nitrid- 
ing, the parameters of the teeth of the gears are stably 
maintained within the accuracy of 5. Some change in the 
profile was observed at the tops of the teeth, which is due 
to the increased electric potential in this area. Measure- 
ment of the part after plasma nitriding did not reveal a 
similar phenomenon, on the contrary, on the tops of the 
teeth there is a slight decrease in hardness, which, howev- 
er, Should have a positive effect on the performance of the 
gears. 

In order to study the properties of plasma nitriding 
of gears, a technological sample based on a gear made of 
5 degrees of accuracy was used, on which nitriding modes 
were tested and which was subjected to geometry meas- 
urements and metallurgical research [12]. 

On the technological sample made of the investi- 
gated gear after nitriding and measurements, metallurgical 
researches on definition of hardness, thickness of the ni- 
trided layer, distribution of microhardness on a layer, mi- 
crostructure of a layer and a core were carried out. 

The appearance of the technological sample (frag- 
ment of the gear) is shown in Fig. 1. 





Fig. 1. Fragment of the gear 





The measurement of the hardness of the nitrided 
layer, starting from the edge, was performed with a dis- 
creteness of 0.05 mm to a depth of 0.5 mm (table 2). 


Table 2. The results of hardness measurements 


Ne Distance from the edge, mm Hardness, Hu 


se 


so 
es 
[es 





Cities for measuring the hardness of the readings 
in Fig. 2. 

Microstructural analysis showed that the depth of 
the nitrided layer is ~ 0.3 mm, which meets the require- 
ments of the technical documentation (0.5...0.7 mm initial 
minus 0.15 mm allowance for grinding), but with greater 
surface hardness (more than 1000 HV). 

X-ray diffraction analysis showed that the e-Fe3N 
phase was not determined in the nitrided layer, and in- 
tense reflections of the a-Fe phase and very weak reflec- 
tions of FeC carbide were detected (Fig. 3). 

Plasma nitriding reduces the time required for ni- 
trogen diffusion by more than twice compared to gas ni- 
triding, while the thickness of the layer of brittle phase 
with maximum surface hardness is provided within the 
specified values to ensure the required indicators of con- 
tact and bending strength. 
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Fig. 2. Imprints of microhardness measurement 
— a (the section is not etched), — 5 (the section is 
etched) 
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Fig. 3. Results of X-ray diffraction analysis of 
nitrided steel 


2. Development of duplex technologies 
(plasma precision nitriding Avinit N + hard coating 
Avinit C) 


Even more significant results in increasing the con- 
tact long-term strength can be expected when applying 
antifriction coatings to the nitrided surface. 

When using metal surface coatings (copper, palla- 
dium), such antifriction coatings have limited perfor- 
mance due to abrasive wear. In the 1990s, tungsten car- 
bide-based ceramic hard coatings began to be introduced 
in the West. 


JSC “FED” (Kharkiv, Ukraine) and STC “Nano- 
technology” (Kharkiv, Ukraine) have developed complex 
coating technologies Avinit that combine in one cycle 
such methods as plasma-chemical, vacuum-plasma and 
others, which allow to obtain coatings from almost any 
elements, alloys, ceramics and other materials [14—16]. 
These technologies allow to perform multilayer antifric- 
tion coatings, for example, Avinit C310 [17, 18], which is 
a combination of nanolayers of titanium nitrides, alumi- 
num nitrides and titanium. This coating has a unique coef- 
ficient of dry friction. The advantage of these technolo- 
gies 1S also the ability to control the amount of heating of 
the part, which is mandatory with limited heat resistance 
of the coated materials. The developed technologies for 
applying Avinit multifunctional coatings have shown the 
high antifriction properties of Avinit coatings and high 
efficiency in many industrial applications when applied to 
critical parts in aggregate construction. transport engi- 
neering and power engineering [19, 20]. 

However, obtaining high-quality Avinit coatings on 
surfaces nitrided by traditional methods 1s associated with 
great difficulties, mainly due to the presence on the nitrid- 
ed surface of a fairly thick layer of brittle ¢ - phase and 
significant distortion of parts. To bring the dimensions to 
the requirements of the technical documentation after 
nitriding requires further grinding and polishing of work 
surfaces, which significantly reduces the contact strength 
of the surface and increases the complexity of manufac- 
turing products. The mechanical parameters of this thick 
brittle layer are poorly compatible with the coating. and as 
it turned out, further vacuum-plasma application of high- 
quality wear-resistant coatings is possible only with the 
complete removal of these fairly thick layers from the 
coated work surfaces. For complex surfaces, this becomes 
quite difficult and time-consuming, and sometimes simply 
unsolvable technical problem. 

Our research has shown that the absence of a brittle 
surface layer after plasma nitriding allows further applica- 
tion of high-quality functional coatings Avinit without 
any mechanical improvements of the nitrided surface. 

In this regard, it is of undoubted interest to develop 
duplex technology that combines plasma nitriding of fin- 
ished high-precision parts with subsequent application of 
superhard antifriction coatings Avinit in a single process, 
which will avoid many difficulties associated with the use 
of gas nitriding technology used in the production of 
details. 

Due to the absence of a brittle layer on the nitrided 
surface after precision nitriding, preservation of the origi- 
nal geometric dimensions that do not require further me- 
chanical refinement, and compatibility of the processes of 
plasma precision nitriding Avinit N and vacuum-plasma 
application of functional coatings, Avinit duplex this sig- 
nificantly improves the economic performance of the 
manufacture of parts. 

Duplex processes, including plasma nitriding and 
subsequent vacuum-plasma application of wear-resistant 
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coatings in a single process, are carried out on a vacuum- 
plasma cluster Avinit. 

First, plasma precision nitriding of Avinit N parts 
[8, 9].1s performed. Process parameters and its duration 
(usually 7 ~ 500...550 °C, t ~ 2...4 h) are determined 
based on the results of previous experiments. 

By means of the corresponding electronic switching 
the Avinit installation 1s switched to a coating mode. 

The temperature of the parts is reduced to the pa- 
rameters required for vacuum-plasma coating of Avinit C 
(T ~ 200...300 °C, t ~ 1...2 h) according to the estab- 
lished technology [17, 18]. 

Coating on the witness samples is carried out in 
conjunction with the working parts. 

After the coating process, a careful control 1s car- 
ried out on the compliance of the thickness and micro- 
hardness of the applied coatings to the requirements of the 
technical documentation by metallographic and profilo- 
graphic analyzes of the sections of the witness samples. 

Changing the process parameters (pressure, tempera- 
ture, time, discharge voltage) allows to provide the speci- 
fied properties of nitrided surfaces. Reduction of nitriding 
time allows to make details of the increased accuracy. 

On the JEOL 6360LA electron microscope, the 
Avinit coating on the surface of the nitrided layer was 
studied by the PCMA method. 

The research results are presented in Fig. 4—6. 

On the surface of the part the presence of titanium, 
aluminum, nitrogen, which are absent in the part made of 
steel 34NiCrMoV 14-5, but present in the coating Avinit 
C310, which is a multilayer composition of layers of tita- 
nium, titanium nitride and aluminum nitride. 

The thickness of the coating is 1.5 um. 

The microhardness of the coating was 2500...3000 HV. 

Developed Avinit duplex technologies, including 
plasma nitriding Avinit N and ion-plasma application of 
antifriction wear-resistant coatings Avinit C were applied to 
the manufacture of full-size high-precision gear in Fig. 7. 
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Changing the process parameters (pressure, tem- 
perature, time, discharge voltage) allows to provide the 
specified properties of nitrided surfaces. Reduction of 
nitriding time allows to make details of the increased ac- 
curacy. 
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Fig. 4. The appearance of the coating Avinit C310 
on the sample with the specified places of analy- 
sis. — a, the approximate chemical composition of 
the analyzed places — b 
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Fig. 5. Appearance of the Avinit C310 coating on the sample in mapping mode 
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Fig. 6. Appearance of the Avinit C310 coating on the sample in line analysis mode. The thickness of the coating 


is 1.5 um 





Fig. 7. Full-size high-precision gear, made using 
duplex technology Avinit (nitriding Avinit N + 
coating Avinit C310) 


After carrying out work on testing the nitriding of 
the gear, made with 5 degrees of accuracy, was made ex- 
perimental full-size high-precision helical gear [21] with a 
degree of accuracy of 4 for plasma nitriding, followed by 
application of antifriction coating Avinit C310. 

In accordance with the developed technological 
regulations, plasma precision nitriding of Avinit N and 
subsequent application of antifriction coating Avinit C310 
full-size high-precision gear by duplex technology was 
carried out (). 

When nitriding a full-size gear, a witness sample 
was used (Fig. 8), on which nitriding regimes were tested 
and which was subjected to metallurgical research [21]. 





Fig. 8. Appearance of the witness sample 


The results of studies of plasma nitriding of a gear 
wheel with plasma nitriding and Avinit C310 coating are 
described in [11]. 

Measurement of the hardness of the nitrided layer, 
starting from the edge of the tooth, was performed with a 
resolution of 0.05 mm to a depth of 0.5 mm. 

The hardness of the nitrided layer is given 1n table 3. 


Fig. 9. Imprints of microhardness measurements 
(the section is not etched) 
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Table 3. The hardness of the nitrided layer 


Dist fi 
No ee Hardness, Hu, in parentheses HRC 
the edge, mm 


603, 644 575) 633.67) 
612 (56), 557153), 584 (54 


ref a iS 
re oa | aoran.s1G98) 


The microstructure of the nitrided layer is satisfac- 
tory (Fig. 10). 





Fig. 10. The microstructure of the nitrided layer (x500) 


The measurements of the toothed ring before nitrid- 
ing confirm the manufacture of the gear on the 4th degree 
of accuracy. 

Measurements of the toothed crown after nitriding 
and coating showed that changes in the geometry after 
plasma precision nitriding Avinit N and Avinit coating by 
duplex technology is not observed. Reducing the nitriding 
time ensures that the parameters of the gear ring gear after 
nitriding within the accuracy of 4 (ISO - +1328 - 1), de- 
signed for loaded gears of aircraft reducers. 

The adhesion of the coating was checked by the 
standard method used for galvanic coatings and was satis- 
factory. 

It is established that changes in geometry after 
plasma precision nitriding of Avinit N and Avinit coating 
by duplex technology are not observed. Avinit C310 anti- 
friction coating with a thickness of 1.5 um does not dis- 
tort the geometry of the tooth profiles. All parameters of 
the gear ring, made by duplex technology Avinit, meet the 





degree of accuracy 4 in accordance with the requirements 
of the technical documentation. 


3. Testing of gears 
technology 


made by duplex 


3.1. Preliminary tests 


The results of preliminary tests of the gear wheel 
with plasma nitriding and Avinit C310 coating are de- 
scribed in [21]. 

The gear was tested as part of the gearbox of the 
AI-450M engine on the hydraulic brake stand [21]. The 
total operating time during the tests was 1 hour 30 
minutes, of which mode - 75 minutes, on takeoff mode — 
6 minutes. The power transmitted by the engine in takeoff 
mode is 465 hp, while the torque on the gear is 
22.67 kgf-m. The maximum specific load on the gear tooth, 
taking into account the end and axial overlap is 
453.4 kgf/cm, while the contact stresses on the surface are 
121 kgf/mm”. 

After testing, the gear was dismantled to perform 
defecting, magnetic powder control and measurements. If 
any damage to the gear, including the Avinit coating, 1s 
not detected, there are weak traces of work on the coating. 

Antifriction coating Avinit C310 with a thickness 
of 1.5 um does not distort the geometry of the tooth pro- 
files, in the process of the first tests in the gearbox of the 
AI-450M engine wear wear is not observed. Measurement of 
the parameters of the teeth showed a complete lack of wear. 


3.2. Test of a full-size gear wheel 4501150003-02 


Long-term tests of the gear wheel were carried out 
as part of the gearbox of the engine AI-450M Ne 450M-003 
on the hydraulic brake stand of SE “Ivchenko-Progress” 
[21]. The operating time of the wheel was 40 h at a max- 
imum voltage of 115.06 (kgf/mm7). 

During the tests, the gear wheel 45011500003-02 
was the guide for the driven wheel 45011500004-01, 
manufactured by standard technology (gas nitriding - 
grinding - copper coating) (Fig. 11). After the tests, both 
wheels were defective. Examination of the teeth of the 
wheel 45011500003-02 showed no wear of the coating on 
the tooth profiles, however, there was wear of the coating 
on the corresponding teeth of the wheel 45011500004-01. 
Due to the small coating thickness (2 um), its wear did 
not affect the performance of the gear. Preliminary long- 
term tests of similar gears made by standard technology 
have shown that the wear of the copper coating on the 
teeth occurs only in the case of contact with foreign parti- 
cles. Thus, the combination of hard and soft coating of the 
teeth of the two engaged wheels showed a negative result. 
The reason for the wear of the copper coating is probably 
micro-irregularities on the surface of the teeth, which in 
the process of sliding surfaces when engaged cut the coating. 
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Thus, the gear wheel 45011500003-02 with super- 
hard coating Avinit C310 was tested as part of the gear- 
box of the engine AI-450M for 40 hours. After tests of 
changes in the geometry of the teeth of the wheel and 
wear of the coating Avinit C310 was not detected, but 
there is wear of the copper coating of the teeth of the mat- 
ing gear with the appearance of a mirror luster on the sur- 
face of the teeth. 


3.3. Joint testing of gears 4501150003-02 and 
4501150004-01 


After the production of the driven’ gear 
4501150004-01, strengthened by duplex technology 
Avinit, joint tests of a pair of gears 4501150003-02 and 
4501150004-01 were carried out. The tests were carried 
out as part of the AI-450M engine on the hydraulic brake 
stand of Ivchenko-Progress according to the program of 
equivalent cyclic tests. A pair of experimental gears was 
installed in the engine gearbox instead of the serial wheels 
of the second gearbox. The total test time of the wheels 
was 26 hours. 
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After the tests, the gears are defective. 
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3acTOCYBaHHA BaKYYM-I1.1a3MOBHX TexHOJIOriM Avinit 10 BUTOTOBJICHHA 
MNOBHOPO3MIPHHX BHCOKOTOUHHX IlecTepeHb. 


O. B. Caranosug, B. B. Tonos, B. B. Carasospus, C. ®. JIyqnuk, A. b. €qnnoBn4 


Anomauia. Po3pob1eHo OynieKcHi mexnosoeil Avinit, aki o6'cOnyiomb niazmo6ee azsomyeanHna Avinit N ocmamouHo 2zomo6ux Buco- 
KOMOUYHUX OemaeUu 3 NOOAIbLUUM HAHECeHHAM HAOMBepOUX AHMUdpuKyYiuHUX noKpummieé Avinit 6 EOUHOMY MexHONOZi4HOMY npoye- 
Cl. 

3aedaku BidcymHocmi Ha az0MyrOUiu NO6EPXHi KPUXKO2O Wapy NicA NPeuUsiUHOZO AZOMYEAHHA, 30EPEIHCEHHIO BUXIOHUX 2ZeoMempuU- 
YHUX POZMIpPI6, AKi HE nompebyromb nodalbuoi MexaHiuno2o OOOnpauroeannaA, i CVMiCHOCMi NpoOUeCcié N1AR3MO6O2ZO BUCOKOMOYHOZO 
azomyeaHHa Avinit N i 6akyyM-njla3MO6020 HAHECeHHA GyHKUiOHabAUx noKpummié Avinit 3 OynieKcHi MexHONOeil OO36OIAIOMb 
3a0e3NeC4UUMU HAHECeHHA MiYyHO-wWenlenUux, BUCOKOAKicHUux noKpummie. JlocniddtceHO enue OynIeKCHOZO npoYyecy Ha po3Mipu Oema- 
eu NPu nNia3MO6OMY A30MyY6AHHi BUCOKOMOUHUX WecMepeHb i HAHECeHHI GyHKUIONAIbHUX noKpummiée Avinit C, eueyeHi e1acmu- 
60CcMi A30My6allbHO2O Wapy i napamempu nokpummie Avinit. 

ITna3smoea npeyusiuna mexnosnoeia Avinit N 003601A€ BUKOHV6aMU AZ0MY6AHHA OCMAaMOUHO 2zomMo6UXx OemaNeU 6e3 3MiHU PO3mMipié, 6 
momy uucii WwecmepeHb no 4 cmyneuio mounocmi. Yac azomyeanna Avinit N 6 2...4 pa3su MeHwWe, Hidtc NPU 2a306OMy AZ30MY6aHUI. 
IToxpumma demaneu Avinit C310 nideuwye mikpomeepOicmb nobepxonb Oemaeu i 3HUIICVE KOediuienm mepmA, NDU UbOMyY BOIOOIE 
OocmamuHooro adze3i€10 OO pobouux NO6EpxONdb 3VOi6 WecmepeNb I Oizo6ux OOPIACOK NiOWUNHUKIE. 

ITpo6edeHo BUZOMOBIEHHA BUCOKOMOUHUX 3VOUACMUX KOLIC 3a CmyneHem moyHocmi 4 3 BUKOPUCMAHHAM OynsleKCHUX MexHooeiu Avinit. 
AHai3 pe3vilbmamié NOKA3YE, WO 6 MeEdCAX MOUHOCMI BUMIPIOGAHHA HiAKux 3MiH NpO*iié 3yOiée, ix POZSMaAWLY6AHHA Ha 3yO4uacmomMy 
6iHYi, A MAKOHC POSMAUYE6AHHA 3VO4ACMOZO BIHYA WOOO BUMIPIOGAIbHUX Oa3 He ChocmepizaembCA. 

IIna3smo6e asomyé6aHHA OO36OJAE CKOPOMUMU YaC A30MY6AHHA OibvU HidtC 6 OBA PA3U 6 NOPIGHAHHI 3 2a306UM AZ30MY6AHHAM, NpUu 
YbOMY MoBIUHA Wapy MeHOIMHO! qa3u 3 MAKCUMGJbHOIO NOb6EpxHE6OIO MB6EpOICMIO 3AGE3NCUVEMbCA B MEHCAX 3AOAHUX BeUYUH 
OA 3A0€3NC4EHHA HEOOXIOHUX NOKAZ3HUKIG KOHMAKMHOL 1 32UHAIbHOL MpUueaOL MiyHOocmMi NpU BU2ZOMOBIeEHHIi Z3yO4aCMUX KONIC 3a 
cmyneHem mounocmi 4 6e3 wulidbyeanna nica asomyeanna. Bumipro6aHHa 3VvO“uacmozo BIHYA NiCIA AZ0MY6AHHA i NOKPUMMA noKa3a- 
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Ju, WO 3MiH 2eomempil wWecmepHi, O6pobeHoI no OyneKCHOU MexHONOeIi, He ChocmepizaemocaA. AHMudpukyiune nokpumma Avinit 
C310 moewunoro 1,5 mMKM He Choméopie 2zeomempito npodiie 3ybie. Bci napamempu 3yO4uacmozo BIHYA, BU2ZOMOBIEHOZO 3a Oynle- 
KCHO1WO mexHooeier Avinit, 6iOnoe6idaiomb Cmynenio moYHocmi 4 BiOnNO6iOHO OO BUMO2 MexHi4HO! OOKYMeNMayil. 

Bunpooyeanna 6u2zomoelenux no OynileKcHiu mexHoNoeli Avinit wecmepeHb 30iUCHIO6AJ10CA 6 CKIaOI pedyKmopa Oé6ueyHa AIl-450M 
Ha 2idpomopmo3Homy cmendi JIT “Ieuenxo-IIpozpec”’ 3a npoe_pamoro exkéeigalenmHo-yuKiliuHux eunpobyeanb. Ilapa ekcnepumexma- 
JIbHUX 3VO4YaCcmuUXx KOic bya 6cmaHoBIeHa 6 PedyKMOP Oé6U2yHa 3AMicMb CepiuHUux KONIC Opy2o20 cmyneHuA pedyKmopa. CymapHuu 
yac eunpoby6eanb Konic cKiaée 26 2odun. Tlicna eunpoby6anb HidKUX NOWKOOHCeEH’ WecmMepHi, BKIIOYaIOUU noKpummsa Avinit, He 
ecmanoeleHo. Anmudpuxkyiune nokpumma Avinit C310 moewunoro 1,5 mKM He Choméopioe 2zeomempiro npodilié 3vbie 6 npoueci 
eunpobye6aHb 6 CKIaOi pedyKmopa O6ueyHa Al-450M. Obmip napamempié 3V6ié noKa3aé nNObHY BiOCYMHICMb 3HOCY. 


Kurov0ei cno6a: pozspobKa OynieKcHux mexHojoeiu Avinit, elacmuéeocmi az30MyYEealbHO2O Wapy, XapaKmepucmuKU noKpummie, cme- 
HOOGI BUNPOOY6AHHA BUZOMOBIEHUX NO OynIeKCHiu MexHosOeil Avinit BUCOKOMOUHUX WecMepeHbd. 


I[pumenenne BakyyM-I1a3MeHHBbIX TeXHOJIOrHH Avinit K H3r0TOBJICHHIO 
MOJHOpa3sMepHBIX BLICOKOTOUHBIX WiecTepeH. 


A.B. Carasospuy4, B.B. Tonos, B.B. Caranosny, C.®. Jlyaqnnk, A.b. Equnosny. 


Annomauua. Paspabomanol OynieKcuole mexunonoeuu Avinit, obObeOuHAIOIWUe Nia3MeHHoe azs0mupoeanue Avinit N oKOHYaMebHO 
2OMOBbIX BbICOKOMOYHbIX OeEmaeu C nociedyiowjuM HaHeceHUueM C6epxMBepObIx AHMUGpUKYUOHHoIX noKpoimuu Avinit 6 eEOUHOM 
MeXHOO2ZUUECKOM Npouecce 

BaazodapsA omcymcmeuro Ha a30mupyeMOUu NOb6eEPXHOCMU XPYNKOZO COA NOCIE NPEYUZUOHHOZO AZ3OMUPOB6AHUA, COXPAHEHUIO UCXOO- 
HbIX 2COMEMPUYECKUX PAa3ZMEpOG, HE mpebyrowux OalbHEeuWeU MexaHUYeCKOU OOPabomKu, U COeBMeCMUMOCMU NpoYyeccos nja3zMeH- 
HO2O Npeyu3zsuoHHozo azsomupoeanus Avinit N u 6aKyVM-nN1a3MeHHOZO HAHECeHUA (YHKYUOHGAIbHbIX noKpoimuu Avinit C OynmeKcHole 
MeXHOIOZUU NO36OIAIOM OOeCNEUUMb HAHECeEHUE NPOYHOCYENMEHHLIX, BLICOKOKAYECMBEHHbIX NOKPoIMUU. 

Mccnedoeano elusnue OynileKCHOZo nNpOYyecca Ha pa3Mepbl Oemaeu NPU NIA3MCHHOM AZ3OMUPOBAHUU BbICOKOMOYHbIX WecmMepeH U 
HAHECEHUU G(YHKYUOHAIbHbIX NoKpoimuu Avinit C, UZV4eHbl CBOUCMBA AZOMUPOBAHHOZO COA U Napamempol nokpoimuu Avinit. 
IIna3smeHHuaa npeyu3zuonnHad mexHonoeua Avinit N no36o1Aem BbINOHAMb AZOMUPOBAHUA OKOHYAMEIbHO 2ZOMOBvIX Oemaeu Oe U3- 
MeHeHUA PA3MEPOG, 6 MOM 4UCIe WecmepeH no 4 cmenenu mouHocmu. Bpema azomupoeanua Avinit N 6 2 — 4 paza Menoule, 4em npU 
2a3060om azomupoeanuu. Tloxpoimue Oemajeu Avinit C310 noeoiuaem muKkpomé6epdocmb nobepxHocmeu Oemaseu u cHuxcaem Ko3qqu- 
yueHm mpeHuA, NDU IMOM ObIA0Aaem OOCMamoUHOU adzeZUeU K PAGOOUUM NOBEPXHOCMAM 3VObe6 WecmMeEpeH U Gez06v1x OOpOsceK noowuun- 
HuKoe. IIpoeedeHo UZ2OMOBIEHUE BbICOKOMOUYHbIX 3yVOUaMbIX KOIIeC NO cCmeneHu mouHocmU 4 C UCNOIMb3I06AHUEM OYNIEKCHLIX MeXHOMOZUU 
Avinit. AHanu3 pe3yilbmamoé6 noKa3bledem, 4¥mo 6 NDedelaX MOUHOCMU UZ3MePeHUA HUKAKUX U3MeHEHUU NpOduleu 3yObe6, UX Pacno- 
onceHue HA 3VOUAMOM BeHYe, A MaKoice PacnoNoHCeHUue 3VOUAMOZO BEHYA OMHOCUMEIbHO UZ3MEPUMEIIbHbIX Oa3 He HabsI0-Oaemca. 
IIna3smeHHoe azomupoeanue noz6oAem COKpaMuMb BpeMA AZ30MUpOsaHuA OosNee 4eM 6 OGA PA3A NO CPa6HeHUIO C 2a306bIM aZ0MU- 
poéeaHuem, npu 3MOM MosWUHA COA XpynKOU Ga3bl C MAKCUMAIbHOU NoBepXHOCMHOU MB6epOocMbIO ObecneYU6aeMCcA 6 NpedeNax 
3QO0QHHbIX BEUYUH OIA OOeCNEYEHUA HEOOXOOUMbIX NOoKa3aMeeuU KOHMAKMHOU U UZ2UOHOU OUMEIbHOU NPOUHOCMU NpUu U320M06- 
eHuUu 3yO4"aMbIX KoeC NO cmeneHu mounocmu 4 b6e3 WAUdOBKU nNocile A3OMUpOBaHUA. 

M3mepenua 3vO4uamozo BeHYa NOCie AZOMUPOBAHUA U NOKPblIMUA NOKA3QIU, YUMO UZ3MeHEHUU 2eomMemMpuU WecmepHUu, OOpabOMaHHOU 
no OynNAeKCHOU MexHOOeUUu, HE HaOIOaemcA. AHMuqdpuxKyuonnoe nokpoimue Avinit C310 monwunou 1,5 mKM He ucKadcaem 2eo0- 
Mempuro npoqduseu 3v6ve6. Bce napamempol 3yOuamozo BeHYa, U32OMOBIEHHOZO NO OynjleKCHOU MexHONOeuUu Avinit, CoOom6em- 
cmeylom cmeneHu mounocmu 4 Coome6emcmeuU C MpebOBaHUAMU MexHUYeCKOU OOKYMeHMayUuU. 

Mcnbimanua u320moejleHHvlx no OynileKCHOU MexHONOeuU Avinit WwecmepeH OCYUJeECMBIAOCb 6 COcma6e pedyKmopa Oeuzamensa AH- 
450M nua eudpomopmo3Hom cmenoe ITI “Meuenxo-IIpo2pecc”’ no npozpamMmMe 3akeuealeHmHo-yuKuyecKkux ucnoimanuu. Ilapa 3Kc- 
NCPUMEHMAIbHvIX 3VO4YaMbIx KONeC OblIa ycmaHoseIeHa 6 PeOyKMop Oé6uzamelA BMECMO CEPUUHbIX KOeC BMOpou CmyneHUu PeOyK- 
mopa. CymmapHoe 6pema ucnbimaHuu Kosec cocmaeuno 26 uacoe. Tlocie ucnblimaHuu HUKAKUX noBpex#coeHUU WeCMepHU, BKIIOUAA 
nokpoimue Avinit, He ycmanoeleno. Aumuqdpukuuonnoe nokpoimue Avinit C310 monwunou 1,5 mKM He ucKadcaem zeomempuro 
npoqu.leu 3yObe6 6 NDOYecce uCnbIMaHUU 6 Cocmaée pedyKmopa Oeueamena AH-450M. Obdmep napamempoé 3y606 noKa3al nosHoe 
omcymcméue U3HOCA. 


Kuuroyvesbie cioea: paspabomka OynieKcHbix mexHoloeuu Avinit, CeouCcMéa AZ30MUPOBAHHOZO COA, XAPAKMEepucmuKU noKpoIMuUu, 
CMeHOOBbIE UCNLIMAHUA UZZOMOBIEHHbIX NO OynNIeKCHOU MexHONOeUU AVinit BLICOKOMOYHDIX WecmeEpeH. 


